Abbreviations: CS, cropping system; DEA, denitrifi cation enzyme activity; DN, in situ denitrifi cation rates; DNRA, dissimilatory nitrate reduction to ammonium; DOC, dissolved organic carbon; ECD, electron capture detector; EOC, extractable organic carbon; θ g , gravimetric soil moisture; MBC, microbial biomass carbon; MinC, mineralizable carbon; Rip-CS, riparian area near the cropping system; Rip-Str, riparian area near the stream.
R iparian ecosystems have the capacity to lower NO 3
− concentrations in groundwater entering from nonpoint agricultural sources (Young et al., 1980; Dillaha et al., 1989; Haycock and Pinay, 1993; Schnabel et al., 1996; Martin et al., 1999) . Plant uptake and denitrifi cation have been associated with NO 3 − removal in riparian soils (Peterjohn and Correll, 1984; Lowrance et al., 1984; Jacobs and Gilliam, 1985; Haycock and Pinay, 1993) . Riparian ecosystems often have inherent properties such as high water tables, relatively high soil C levels, and elevated concentrations of NO 3 − in the incoming groundwater, which are favorable for denitrifi cation (Schipper et al., 1993; Vought et al., 1994; Schilling et al., 2006) . Where plant N uptake is low, denitrifi cation has been thought to be the major microbiological process responsible for reducing NO 3 − concentrations in riparian zones (Trudell et al., 1986; Haycock and Pinay, 1993) . However, decreases in NO 3 − concentrations observed as groundwater transits through a riparian zone, are not always matched by the soil's ability to denitrify (Lowrance, 1992; Groffman et al., 1996) . Groffman et al. (1996) suggested this discrepancy between denitrifi cation rates and the observed loss of groundwater NO 3 − might have been due to unmeasured hotspots of denitrifi cation activity. However, Lowrance (1992) and Parkin and Meisinger (1989) measured relatively low rates of denitrifi cation in riparian subsoil and concluded that denitrifi cation was not responsible for the consumption of NO 3 − although they did not consider the residence times of groundwater. Microbial immobilization and DNRA could also be responsible for decreases in groundwater NO 3 − concentrations. These processes are not always accounted for in riparian studies and are sometimes concluded to be relatively insignificant sinks for NO 3 − (Haycock and Pinay, 1993; Groffman et al., 1996) . Several studies have shown that immobilization and DNRA accounted for <5% of the processing of added 15 NO 3 − (Buresh and Patrick, 1978; Reddy et al., 1982; DeCatanzaro et al., 1987) . Davis et al. (2006) found that <1.2% of applied 15 NO 3 − ended up in the microbial biomass of an herbaceous riparian zone, 2 mo after application. Yin et al. (2002) , however, Riparian ecosystems have the capacity to lower NO 3 − concentrations in groundwater entering from nonpoint agricultural sources. The processes responsible for decreases in riparian groundwater NO 3 − concentrations in the Willamette Valley of Oregon are not well understood. Our objective was to determine if denitrifi cation and/or dissimilatory NO 3 − reduction to NH 4 + (DNRA) could explain decreases in groundwater NO 3 − moving from a perennial ryegrass cropping system into a mixed-herbaceous riparian area. In situ denitrifi cation rates (DN) were not different between the riparian area (near-stream or near-cropping system) and cropping system the fi rst year. In the second year, during the transition to a clover planting, DN was highest just inside of the riparian/cropping system border. Median denitrifi cation enzyme activity (DEA) rates ranged from 29.5 to 44.6 mg N 2 O-N kg −1 d −1 for surface soils (0-15 cm) and 0.7 to 1.7 μg N 2 O-N kg −1 d −1 in the subsoil (135-150 cm) . Denitrifi cation enzyme activity rates were not different among the zones and were most often correlated to soil moisture and NH 4 + . Nitrate additions to surface soils increased DEA rates, indicating a potential to denitrify additional NO 3 − . Based on groundwater velocity estimates, NO 3 − (3.8 mg NO 3 − -N L −1 ) entering the riparian surface soil could have been consumed in 0.2 to 7 m by denitrifi cation and 0.03 to 1.0 m by DNRA. Denitrifi cation rates measured in the subsoil could not explain the spatial decrease in NO 3 − . However, with the potentially slow movement of water in the subsoil, denitrifi cation and DNRA (0 to 264 μg N kg −1 d −1 ) together could have completely consumed NO 3 − within 0.5 m of entering the riparian zone.
found that 14.9 and 5% of added 15 NO 3 − was reduced by DNRA in Australian and Chinese paddy soils, respectively. Bengtsson and Bergwall (2000) found that DNRA dominated over denitrifi cation in a fertilized forest soil. Dissimilary nitrate reduction to ammonium was originally thought to be promoted in soils with high soil C, highly reduced conditions, and low NO 3 − concentrations (Tiedje et al., 1981) . However, Fazzolari et al. (1998) have more recently shown that DNRA was less sensitive to changes in oxygen status than denitrification. In a tropical forest, Silver et al. (2001) found DNRA rates that were three times higher than N 2 and N 2 O production combined. The prevalence of these N cycling processes in agroecosystems is not well understood but is important since it can lead to either the removal (denitrifi cation) or retention (DNRA) of N in these systems.
Factors that infl uence rates of soil microbial processes, such as soil texture, slope, hydrology, vegetation, climate, and land management can, in turn, infl uence soil temperature, soil aeration status, and the electron donor and N status of the soils. These factors can vary widely across the landscape. Some studies have shown predictable patterns in denitrifi cation rates and the factors limiting denitrifi cation. Clement et al. (2002) found the factors limiting denitrifi cation capacity to shift from anaerobiosis in the upland position to NO 3 − in the lower end of the topohydrosequence. However, many riparian studies have shown wide variations in denitrifi cation rates and the process' controlling factors (Christensen et al., 1990; Lowrance, 1992; Abbasi and Adams, 1998; Horwath et al., 1998) . For example, Myrold (1988) found that annual N loss from denitrifi cation measured in a fi rst-year, perennial ryegrass seed cropping system was only around 0.7 kg N ha −1 yr −1 . In contrast, in the same region, soil type, and cropping system, and using the same methodology, Horwath et al. (1998) found N loss from denitrifi cation to account for 28 kg N ha −1 during just the growing season (100 d). This variability supports the need for additional research into denitrifi cation and the evaluation of the potential for DNRA to occur in these systems. In the Willamette Valley, Oregon, the combination of poorly drained soils and high seasonal rainfall has the potential to support signifi cant denitrifi cation activity. Wigington et al. (2003) and Davis et al. (2007) found that groundwater NO 3 − concentrations, in both the A and C horizons, decreased as water moved from a perennial ryegrass seed cropping system through an herbaceous riparian zone and into an intermittent tributary of Lake Creek. Davis et al. (2007) showed that while dilution of NO 3 − by recharge had occurred, an additional 22 and 31% decrease in NO 3 − (A and C horizons, respectively) had also occurred, suggesting that biological processes were responsible for some consumption of NO 3 − . In addition, a strong redox gradient between the riparian area and cropping system soil implicated reductive microbial processes in NO 3 − consumption.
The main objective for the present study was to determine, based on estimated fl ow rates of shallow (A horizon) and deeper (C horizon) groundwater, if denitrifi cation and/ or DNRA could account for surface soil and subsoil decreases in NO 3 − concentrations as water moved from the cropping system through the riparian area to Lake Creek. We also sought to compare process rates and the factors controlling these processes between the cropping system and riparian area. Our hypotheses were that: (i) denitrifi cation and/or DNRA were responsible for the decrease in NO 3 − concentrations as groundwater moved into the riparian area; (ii) denitrifi cation activity and capacity (DN and DEA) would be highest in the riparian area nearest the cropping system; and (iii) denitrifi cation would be limited by the availability of electron donors in the cropping system and by NO 3 − in the riparian area.
MATERIALS AND METHODS

Site Description
Experiments were conducted from the fall of 1997 through early summer of 1999 at the Lake Creek study site, which was located on a tributary of Lake Creek in Linn County, Oregon, USA (44° 32′ N, 123° 03′ W). The study site (Fig. 1) consisted of an ephemeral stream bordered on both sides by an uncultivated herbaceous mixedspecies riparian area that buffered the stream from adjacent perennial ryegrass seed production cropping systems. Water quality data were reported for the site in the previous 2 yr (fall of 1995 to summer 1997) in Wigington et al. (2003) and the concurrent 2 yr by Davis et al. (2007) . The Dayton soil series (fi ne, smectitic, mesic Vertic Albaqualfs) extended from the streambed into the riparian area approximately 25 m (Fig. 1) . The Holcomb soil series (fi ne, smectitic, mesic Typic Argialbolls) extended from the Dayton soil out into the cropping system (Fig. 1) . The presence of a restrictive, Clay IIB t horizon below the A and E horizons in Dayton and Holcomb soils resulted in perched water tables that persisted during the wet season (Boersma et al., 1972) . These restrictive horizons are underlain by silty clay loam or silt loam IIIC horizons.
The riparian zone was 30 to 48 m wide and was vegetated predominantly with grasses and fewer forbs, sedges, and rushes (McAllister et al., 2000) . Riparian vegetation was primarily composed 1998 and 11 Apr. 1998) . In September 1998, the ryegrass seed crop was sprayed with glyphosate and direct seeded with clover (Trifolium repens L.). Vigorous plant growth of the clover did not begin until April 1999, leaving the soil essentially barren during the fall, winter, and early spring. The clover seed crop received 90 kg N ha −1 as urea in the spring of 1999. Three zones on the site were delineated for the present study ( Fig. 1) : the cropping system within 10 m of the riparian/cropping system transition (CS), the riparian area within 5 m of the cropping system/riparian transition (Rip-CS) and the riparian area within 10 m of the stream (Rip-Str). Total precipitation for water year 1997-98 (September 1997 to September 1998) was 1250 mm and in water year 1998-99 (September 1998 to September 1999) was 1518 mm (Hyslop Field Station, Benton County, OR; 44° 38′ N, 123° 11′ W) (Oregon, , Climate Service, 2005) . As is usual for this region's marine climate, low precipitation from June to October resulted in the water table dropping below 1.5 m. Summer (June-August) was wetter in 1997 than 1998 with 189 and 50 mm falling in this period each year, respectively. Consistent seasonal precipitation began again in October and Lake Creek stream fl ow started in November of both water years (Wigington et al., 2003) .
During the winter season (November-February), the water tables remained close to the soil surface and the poorly drained soils of both the riparian area and cropping system generally remained saturated. As spring precipitation decreased, water tables fl uctuated, and wet/ dry cycles occurred in the surface soils. Data from Wigington et al. (2003) indicated that when soils were saturated, water moved along a downslope hydraulic gradient from the upland cropping system through the riparian area to the stream. Davis et al. (2007) measured Cl in shallow groundwater at this site and concluded that neither mixing of water at converging fl owpaths nor divergence of groundwater around a dense soil layer was occurring at this site. After the soil became saturated, large precipitation events resulted in overland fl ow leading to the majority of stream water originating from overland fl ow through ephemeral swales (Wigington et al., 2003) . Even though only a small portion of stream fl ow came from subsurface groundwater, it is still important to understand the contribution of these soils to N retention.
Soil Parameters
Soil extractable organic C (EOC) was quantifi ed from K 2 SO 4 extracts on a Dohrman Cincinnati, OH) . Soil NH 4 + and NO 3 − concentrations were quantifi ed from 2 mol L −1 KCl extracts colorimetrically using QuikChem methods 10-107-06-2-A (NH 4 + -N) and 12-107-04-1-A (NO 3 − -N) on a
Lachat fl ow injection autoanalyzer (Hach Co., Loveland, CO). Two replicate soil subsamples (25 g) were extracted with either 100 mL of 2 mol L −1 KCl or 0.5 mol L −1 K 2 SO 4 after shaking for 1 h at 300 rpm. After shaking, the slurries were allowed to settle for 30 min and were then fi ltered through Whatman Qualitative No. 1 fi lters (Florham Park, NJ) that had been washed three times with either 1% HCl (v/v) (for KCl extracts) or 1% H 2 SO 4 (v/v) (for K 2 SO 4 extracts) and three times with 2 mol L −1 KCl or 0.5 mol L −1 K 2 SO 4 . Microbial biomass C (MBC) was calculated from the chloroform fumigation incubation method using a K c of 0.42 and a partial control subtraction (Horwath et al., 1996) . Mineralizable C (MinC) was calculated from the CO 2 respired by an unfumigated soil during a 10-d incubation at 25°C. Soil pH was measured in a 2:1, water/soil slurry. Headspace CO 2 was quantifi ed using a Carle Series 100 Gas Chromatograph (Hach Co., Loveland, CO). Gravimetric soil moisture (θ g ) was determined after drying the soil for 24 h at 105°C.
In situ Denitrifi cation Assays
In situ measurements of surface soil (0-15 cm) denitrifi cation were made using the acetylene block method (Mosier and Klemedtsson, 1994) approximately every 4 to 6 wk during both water years. The methods were similar to those previously used on the site in 1994-1995 (Horwath et al., 1998) except that in the present study measurements were made in the three delineated zones (CS, Rip-CS, and Rip-Str). Five pairs of intact cores were randomly collected from each zone. One core of the pair was collected in a PVC sleeve (5-cm diam.) perforated with 280, 3-mm diam. holes (1.2 holes cm −2 ) to permit gas transfer between the soil and headspace of the container. This sleeve was sealed into a larger PVC container fi tted with a septum (Horwath et al., 1998) and then 10 mL (10% v/v) of acetonefree acetylene were injected and mixed into the headspace to block the reduction of N 2 O to N 2 . The sealed containers were placed back into the soil and gas samples were collected from the headspace every 3, 6, and 9 h. Nitrous oxide production was measured using a HP6890 gas chromatograph equipped with a 63 Ni electron capture detector (ECD; detection limit: 0.9 μg N L −1 ) (Agilent Technologies, Inc., Palo Alto, CA). A replicate soil core of the pair was brought back to the lab and analyzed for θ g , NH 4 + , NO 3 − , and EOC. Soil temperature was measured in situ at the time of sampling.
Denitrifi cation Enzyme Assays
Soil samples were collected from the site in Nov-97, Feb-98, Apr-98, (water year 1997-98) and Dec-98, Feb-99 and Apr-99 (water year 1998-99) from the three zones (CS, Rip-CS, Rip-Str). Cores, 5 cm in diameter, were collected with an open-bucket auger from four depths: 0 to 15, 15 to 30, 30 to 45, and 135 to 150 cm. Two of these depths were selected to coincide with the groundwater sampling wells' screening intervals (A horizon 30-45 cm; C horizon 135-150 cm) sampled by Davis et al. (2007) to help explain spatial and temporal patterns in groundwater NO 3 − concentrations.
On each sampling date, three replicates from each zone were collected for the quantifi cation of DEA and associated analysis with each replicate consisting of two composited cores collected from random points within each zone. Denitrifi cation enzyme activity was measured using laboratory assays (Smith and Tiedje, 1979; Pell et al., 1996) . Soils were incubated under an anaerobic atmosphere with added substrate (glucose and NO 3 − ) to determine the denitrifi cation potential of the soil under optimum denitrifying conditions. Rates obtained from soils incubated with both glucose and NO 3 − during Phase I, refl ected DEA of the existing bacterial enzymes rather than Phase II, which refl ects the period of bacterial growth (Smith and Tiedje, 1979) . Phase I N 2 O production has been shown to be linear to 4 h in soils incubated without chloramphenicol (Duff and Triska, 1990) . Soils incubated with either glucose or NO 3 − were compared with controls to determine whether C, NO 3 − , or enzyme activity were limiting denitrifi cation.
Samples were brought back to the laboratory where they were mixed, sieved, and had roots and debris removed before subsamples were taken. Samples were stored at 4°C in the dark until they were processed. On each day of the assay, 10 soil samples were randomly selected for analysis. The assays were completed for the entire set of samples within 4 d of the sampling event. After the soil samples were mixed and debris was removed, 10 g of soil (dry weight) were weighed into four 125-mL Erlenmeyer fl asks. Each fl ask received 10 mL of one of four treatments: (Pell et al., 1996) . Each fl ask was sealed with a butyl rubber septum and the headspace was put under a vacuum and then over pressurized with Ar. This procedure was repeated three times to ensure that O 2 was removed from the system. Each fl ask was brought to atmospheric pressure under Ar. Then, 10 mL of Ar headspace was removed and 10 mL (9% v/v) of acetone-free acetylene was injected and mixed into the headspace to block the reduction of N 2 O to N 2 (Yoshinari et al., 1977) . The fl asks were shaken at 225 rpm and 25°C to facilitate the diffusion of substrates. Gas samples were collected at 3 and 6 h and placed into 3 mL vacutainers until they were analyzed for N 2 O on a HP6890 gas chromatograph equipped with a 63 Ni ECD (detection limit: 0.9 μg N L −1 ) (Agilent Technologies, Inc., Palo Alto, CA). The amount of N 2 O in solution was estimated using the Bunsen coefficient at 25°C (Tiedje, 1982) . Nitrous oxide production was calculated for both the 0-to 3-and 3-to 6-h intervals. There was no signifi cant difference in denitrifi cation rates between the 0-to 3-and 3-to 6-h intervals, therefore only the 0-to 3-h rates are reported and used for analysis.
Dissimilatory Nitrate Reduction to Ammonium Assay
Dissimilatory NO 3 − reduction to NH 4 + was measured without C additions on soil samples taken from the site in Feb-99. Assays were performed using 15 N according to Tiedje et al. (1981) . Only soils data from the surface (0-15 cm) and subsurface soils (135-150 cm) were analyzed for DNRA. After the soil samples were mixed and debris was removed, 20 g of soil (dry weight) were weighed into two, 125-mL Erlenmeyer fl asks. The fl asks received unlabeled NH 4 + and enough 15 NO 3 − to produce a 15 N enrichment of 33 atom% excess, relative to air N 2 , in the soil NO 3 − pool. The headspace of each fl ask was made anaerobic and received an acetylene block as described in the DEA assays above. The fl asks were shaken at 225 rpm and 25°C to facilitate the diffusion of 15 NO 3 − and NH 4 + throughout the slurry.
Gas samples were collected 1 h (T0) and 25 h (T1) after the incubations were started and analyzed for N 2 O. In addition, one fl ask from each sample pair was broken down for analysis at T0 and T1. After gas samples were collected, the slurries were extracted with 50 mL of 2.9 mol L −1 KCl (to give a fi nal diluent of 75 mL 2 mol L −1 KCl). Extracted NH 4 + and NO 3 − concentrations were quantifi ed colorimetrically and the 15 N enrichment of NH 4 + and NO 3 − pools was determined using the diffusion method (Brooks et al., 1989) is the atom% of the NO 3 − pool at Time 0 (Tiedje et al., 1981) . Nitrifi cation was assumed to be blocked by C 2 H 2 .
Determination of Groundwater Velocities
Groundwater velocities were estimated based on Darcy's Law using modeled and measured saturated hydraulic conductivities. We chose not to apply conservative tracers such as bromide on the site due to evidence that this tracer interferes with N cycling processes (Groffman et al., 1995) . Wigington et al. (2003) measured saturated hydraulic conductivity (K s ) in the A horizon at Lake Creek to be on average, 3.7 m d −1 , using slug tests. This measurement was within the range (0.95-25 m d −1 ) of K s measured by Warren (2002) in the same region and soil type and at a similar depth. The Rosetta Lite v.1.0 (Schaap, 1999) 
where q is groundwater velocity (m d −1 ), K s is the saturated hydraulic conductivity (m d −1 ), dh/dl is the hydraulic gradient (hydraulic head/ length), and n is soil porosity (A horizon 0.42; C horizon 0.44). Soil porosity value was calculated from the median bulk density (A horizon 1.51 g cm −3 ; C horizon 1.47 g cm −3 ) measured at the site and the value of mean particle density (2.65 g cm −3 ) reported by Hillel (1998) .
Data Analysis
Log transformations were needed for DEA, DN, DNRA, MBC, MinC, NH 4 + , and NO 3 − to correct for skewed distributions and unequal variances. For these variables, geometric means (medians) are reported. Analysis of variance (ANOVA) was performed to determine if DEA rates for the four soil amendments (C, N, C&N, and W) were different from each other for each zone and depth using a randomized complete block design, blocking on soil replicates using SPSS statistical software (SPSS, Inc., 2005) . ANOVA and mean separations were performed using Fisher's Protected Least Signifi cant Difference test (Sokal and Rohlf, 1981) to determine if there were differences among the zones, depths, seasons, and years. Differences in DEA rates and all soil variables, among zones, were also analyzed separately for each date and depth. Simple linear regression was used to evaluate relationships between DEA and soil variables. Multiple-linear regression was used when all dates were combined. Differences reported are signifi cant at p ≤ 0.05, unless otherwise stated.
RESULTS AND DISCUSSION
In situ Denitrifi cation Rates
In 1997-1998, annual in situ denitrifi cation (DN) rates measured in surface soils (0-15 cm) were not different among the Rip-Str, Rip-CS, and CS (Table 1) despite higher NH 4 + , EOC, and θ g in the Rip-Str and Rip-CS than the CS (Table  2) . Soil extractable NO 3 − (Table 2) was not signifi cantly different among the zones in 1997-98 even though soil pore water NO 3 − concentrations have consistently been shown to be highest in the CS (Davis et al., 2007) . In the second year (1998-99), annual DN rates were almost three times higher in the Rip-CS zone than the Rip-Str or CS ( Fig. 2 ) with 59 kg of N lost in the Rip-CS per hectare that year (Table 1) . Peak Rip-CS DN rates coincided with peak MinC concentrations (611 mg C kg −1 soil) (r 2 = 0.59, p < 0.05) and higher soil moisture in the Rip-CS. Surprisingly, there was no difference in annual CS DN rates between the fi rst and second years of this study even with the change to no-till clover and a dramatic increase in soil NO 3 − and NH 4 + concentrations (Table 2 ). The Rip-Str DN rates were signifi cantly higher in 1997-98 than 1998-99 and corresponded to higher soil NH 4 + , EOC, and θ g in this zone. Conversely, Rip-CS DN rates were signifi cantly higher in 1998-99 as was the groundwater NO 3 − load entering the Rip-CS from the CS in 1998-99.
In situ denitrifi cation rates reported at the Lake Creek experimental site during the growing season of 1995 (Horwath et al., 1998) were very different than those from the present study (Table 1 ). In the CS, growing season DN rates, soil EOC and NH 4 + were highest in 1995, moderate in 1998-99, and lowest in 1997-98, although the difference between 1998-99 and 1997-98 were not signifi cantly different (Tables 1 and 2) . High soil NH 4 + levels in 1995 likely resulted from the application of reduced-N (urea-ammonium sulfate) fertilizer in the fall when the newly planted grass seed crop was not actively taking up N and from the mineralization of crop and soil N after conventional tillage. Similarly EOC was highest in 1995 after the killed ryegrass crop was tilled into the soil. In the CS, higher available C and inorganic N in 1995 may have promoted denitrifi cation activity. Even in the presence of high soil NO 3 − in 1998-99, lower levels of EOC may have kept CS in situ rates lower in 1998-99 compared with 1995 (Table 2 ). These data suggest that conventional tillage (1995) and establishment of a new grass seed crop may have led to higher DN while conversion from ryegrass to no-till clover (1998-99) led to no signifi cant differences in DN rates in the CS. In contrast to the CS, riparian DN rates were much higher in the present study than in 1995. Riparian zone soil NH 4 + was higher in the present study than in 1995. Riparian plant biomass was mowed and removed in the spring of 1995 and in years prior but was not removed in the subsequent years. Discontinued biomass removal should have contributed more plant biomass C and N to soil organic matter pools.
Soil Parameters
Surface Soils (0-45 cm)
Signifi cance of main effects and interactions are shown in Table 3 (zone, depth, and season) and Table 4 (zone, depth, and year). There were no zonal differences in soil NH 4 + at any depth, which was surprising considering the CS received substantial fertilizer applications and has been shown to have larger pools of available N than the riparian area (Davis et al., 2006) . Ammonium concentrations (zones pooled) increased by 
Fig. 2. Mean and standard error of in situ denitrifi cation (DN) rates measured in the cropping system ( ), riparian-near cropping system ( ) and riparian-near stream zones ( ).
the end of the winter season (Fig. 3 ) at all depths but was only signifi cant in the top depth (Table 3 ). This increase was most likely due to the accumulation of mineralized N (Nelson et al., 2006) and/or NH 4 + produced from DNRA. Soil NO 3 − concentrations (Fig. 4) were consistently lower in the riparian zones (Rip-Str 1.45 mg N kg soil −1 ; Rip-CS 1.85 mg N kg soil −1 ) than the CS (4.2 mg N kg soil −1 ) (depths and dates pooled). This trend has been well documented in shallow groundwater collected at the site (Davis, 2003; Wigington et al., 2003) . Extractable organic C (Fig. 5 ) decreased signifi cantly with depth, and in the surface soils (0-15 cm) decreased with distance from the stream (Rip-Str 83.0 mg C kg soil −1 ; Rip-CS 74.7 mg C kg soil −1 ; CS 65.2 mg C kg soil −1 ; years pooled). Greater riparian EOC likely refl ected permanent vegetation, lack of soil disturbance, and slower C turnover in the cooler, wetter soil (Horwath et al., 1998) . Surface soil (0-15 cm) EOC was also higher in 1997-98 than 1998-99 in both riparian zones whereas in the CS, EOC was higher in 1998-99. More rain fell in the summer of 1997 (189 mm; June, July, August) than the summer of 1998 (50 mm), which may have increased wetting and drying cycles and plant litter decomposition and led to higher available C in the riparian soils (Reddy and Patrick, 1975; Aulakh et al., 1992) . In the CS, decomposition of the killed ryegrass crop may have increased EOC in 1998-1999. Differences in EOC between zones and years were generally not signifi cant at the 15-to 45-cm depth. This fi nding is contrary to dissolved organic C (DOC) (30-45 cm) data collected from shallow groundwater (30-45 cm) in a companion study (Davis et al., 2007) showing higher DOC in the riparian zones than the CS and higher DOC in 1997-98 in all zones. There were no zonal, seasonal, or annual differences in MinC. Differences between DOC, EOC, and MinC likely refl ected differences in their mobility and availability to microbes, with DOC being most dynamic due to greater solubility and availability.
Microbial biomass C was not different between riparian zones (Rip-Str 77.8 mg C kg soil −1 ; Rip-CS 76.6 mg C kg soil −1 ) but both riparian zones had higher MBC than the CS (38.7 mg C kg soil −1 ) when depth and seasons were pooled. The CS soil likely had lower MBC from the negative infl uence of fertilizer N applications (Yeates et al., 1997; Liebig et al., 2002) , tillage (Doran, 1987; Nelson et al., 2006) , and monoculture of perennial ryegrass (Bardgett and Shine, 1999) . Differences between CS and riparian MBC were signifi cant even after the CS had not been cultivated for 4 yr and were observed to a depth of 45 cm, well below the plow layer (Fig. 6 ). There were no differences among seasons or between years for MBC. Soil pH was not different among zones but was highest in fall (5.7 ± 0.08), lowest in winter (5.2 ± 0.08) and increased in spring (5.4 ± 0.07) when zones and depths were pooled.
Subsoil (135-150 cm)
In the subsoil (135-150 cm), NO 3 − concentrations were again lower in the riparian zones (Rip-Str 0.27 mg N kg soil −1 ; Rip-CS 0.76 mg N kg soil −1 ) than in the CS (1.47 mg N kg soil −1 ). Subsoil EOC (Fig. 5) followed the opposite spatial trend of the surface soil, increasing with distance from the stream (Rip-Str 7.48 mg C kg soil −1 ; Rip-CS 9.58 mg C kg soil −1 ; CS 15.1 mg C kg soil −1 ). Subsurface MinC was higher in fall and winter and decreased signifi cantly in spring, whereas EOC and MBC increased in the spring. Mineralizable C may have been mineralized into the DOC and EOC fractions or immobilized by the microbial biomass over time. Soil pH was signifi cantly higher in the subsoil than in surface soils possibly refl ecting the cumulative effect of soil acidifi cation from nitrifi cation in the surface soil.
Denitrifi cation Enzyme Activity Surface Soils (0-45 cm)
Signifi cance of main effects and interactions are shown in Table 3 (zone, depth, and season) and Table 4 (zone, depth, and year). There was a strong vertical gradient in DEA rates (Table 5 ; Fig. 7) , with 85.7 to 88.2% of the total DEA in the soil profi le occurring at the 0-to 15-cm depth. Higher DEA at the surface was expected since soil EOC, inorganic N and MBC were also highest at the surface (Fig. 3-6) . Cosandey et al. (2003) found decreased DEA with depth associated with lower EOC and extractable inorganic N with depth in hydromorphic riparian soils. Denitrifi cation enzyme activity at the lower surface depths comprised 8.4 to 11.3% (15-30 cm) and 3.0 to 4.2% (30-45 cm) of the total for the soil profi le. Lowrance (1992) found the highest surface soil DEA at the interface between a riparian forest and agricultural fi eld. Bijay-Singh et al. (1989) found that DEA rates in a grassland soil were fi ve times higher than an adjacent cultivated fi eld. Davis et al. (2007) found a strong redox gradient between the CS and Rip-CS in the A and C horizons of the Lake Creek site. In the present study we hypothesized that higher soil C and microbial biomass in combination with lower redox and incoming groundwater NO 3 − (Davis et al., 2007) in the Rip-CS would lead to higher DEA in this zone. When all dates in the present study were combined, DEA rates followed the trend of Rip-CS > Rip-Str > CS, however due to high variability, differences were not signifi cant. Soil and environmental conditions that affect soil microbial processes are spatially and temporally variable as well as interactive leading to potentially high variability in process rates. Clement et al. (2002) and Dhondt et al. (2004) found no differences in DEA rates among riparian vegetation covers and concluded that geomorphology was a stronger controlling factor. In our case, when DEA rates among zones were analyzed separately for each date and depth (Fig. 7) , in most instances where the differences were significant, DEA was highest in the Rip-CS zone, especially at the 15-to 30-cm depth.
It is diffi cult to compare DEA rates among studies due to differences in sampling depth, amount of NO 3 − added, and incubation temperatures. Lower DEA in the fall of 1997-98 most likely resulted from low enzyme production or enzyme inhibition from oxygen under unsaturated conditions. Phase I DEA rates have been shown to be sensitive to in situ aeration status (Smith and Tiedje, 1979) . The correlation of DEA to soil NH 4 + suggested tight regulation of NO 3 − production and consumption in the surface soils. Dhondt et al. (2004) found a high correlation between DEA and organic C in mixed vegetation, forested and grass riparian zones. In 1997-98, EOC was correlated to DEA in the top three soil depths of the CS soil and the correlation increased with depth (0-15 cm: r 2 = 0.71 p < 0.01; 15-30 cm: r 2 = 0.81 p < 0.01; 30-45 cm: r 2 = 0.90 p < 0.01). Surface soil Rip-CS DEA was also correlated to EOC (r 2 = 0.78 p = 0.02) but Rip-Str was not. The trend of increasing correlation (EOC to DEA) with decreasing EOC concentrations exemplifi es the control that this electron donor has in regulating denitrifying capacity.
In the second year of the study (1998-99), DEA was not correlated with any measured soil variable in the CS, with MBC in the Rip-CS (r 2 = 0.80 p = 0.02) and soil moisture in the Rip-Str (r 2 = 0.73 p = 0.03). Denitrifi ction enzyme activity in 1998-1999, was as high in fall as it was later in the year most likely from earlier enzyme production or derepression of enzymes with earlier soil wet up. Even though CS NO 3 − concentrations and θ g were higher in 1998-1999 than 1997-1998 , surface soil DEA rates did not change with transition to no-till clover.
Subsoil (135-150 cm)
Although the CS had signifi cantly higher subsoil NO 3 − , EOC (1997 ( -1998 ( and Fall 1998 , and dissolved oxygen (Davis et al., 2007) than the riparian soils, there were no significant differences in DEA rates among zones in either year. Surface soil treatments in other studies, such as manure and fertilizer applications (Richards and Webster, 1999) and tillage (Parkin and Meisinger, 1989) , did not signifi cantly infl uence the denitrifi cation capacity of the subsoil. There were no seasonal trends or signifi cant correlations for DEA rates at 130-to 155-cm depth.
Denitrifi cation enzyme activity rates in the C horizon were low and variable, ranging from 0.24 to 22 μg N kg −1 d −1 . The decrease in available C with soil depth, is generally thought to limit the size and activity of the microbial community and processes such as denitrifi cation at deeper soil depths Luo et al., 1999) . Several studies using longer incubations (4-16 d; Phase II), including time for bacterial growth, reported signifi cant rates of DEA ranging from 87 to 5100 μg N kg −1 d −1 in arable subsoils (Yeomans et al., 1992; Jarvis and Hatch, 1994; Castle et al., 1998) . However, studies using shorter incubations (1-24 h; Phase I) refl ecting existing denitrifi cation enzyme activity, have found DEA rates in the range of 1.3 to 10.3 μg N kg −1 d −1 (Parkin and Meisinger, 1989; Lowrance, 1992) , similar to those of the .0 e present study. Lowrance (1992) concluded that DEA rates (1.33 μg N kg −1 d −1 ) measured in their forested riparian subsoil were not high enough to account for decreases in soil water NO 3 − and concluded that uptake by tree roots most likely accounted for NO 3 − loss at their site. In our system, grass root uptake of NO 3 − in the C horizon was not likely because minimal root biomass was observed at this depth. Groffman et al. (1996) also measured riparian subsoil denitrifi cation rates (1.03 μg N kg −1 d −1 ) in intact microcosms that were within the range of our DEA slurry rates. They concluded that denitrifi cation could not account for the decrease seen in soil water NO 3 − concentrations. They hypothesized that the heterogeneous nature of C distribution in the subsoil most likely created hotspots of denitrifi cation that consumed most of the NO 3 − . They also suggested that chemoautotrophic denitrifi cation and/or abiotic fi xation of NO 3 − to organic matter, which are diffi cult to measure, could also be potential sinks for soil water NO 3 − .
Factors Limiting Denitrifi cation Surface Soils (0-45 cm)
In 1997-98, within the soil depth of 0 to 45 cm, the riparian and CS soils were enzyme limited in the fall and generally became more NO 3 − limited in the winter and spring (Table   6 ). Enzyme limitations could refl ect either low populations of denitrifi ers and/or lack of enzyme production under suboptimal fi eld conditions. Lower moisture, DEA, and DEA/MBC ratios (data not shown) in the fall, combined with enzyme limitation, suggested that denitrifi cation was limited by the number and/or activity of denitrifi ers, and that as the soil became and remained anaerobic in the winter and spring, there was an increase in the proportion of the MBC that could denitrify. Subsequently, NO 3 − became limiting in the winter and spring, especially in conjunction with plant demand for N. The results suggest that additional NO 3 − could have been consumed during winter and spring. In 1997-98, C only became limiting at the 30-to 45-cm depth and coincided with decreases in EOC and MinC with depth. Although MBC was lower in the CS than in riparian soils, a higher DEA/MBC ratio in the CS suggested that a larger proportion of the CS microbial biomass could denitrify.
In the second year of the study, C became a more limiting factor for denitrifi cation, which was consistent with lower groundwater DOC in 1998-99 (Davis et al., 2007) . Again, limitations suggest that additional NO 3 -could be consumed, especially in fall and winter. Enzyme limitations in spring were associated with a drop in soil moisture. Dentirifi cation enzyme activity rates decreased but the DEA/MBC ratio stayed the same suggesting that the size of the denitrifying community stayed the same but production or activation of DEA enzymes decreased. In the CS, NO 3 − concentrations and measures of soil C did not follow limitations suggesting that limiting factors were most likely due to higher DEA and increased requirements for substrates. Carbon limitations at 15 to 45 cm were not refl ected in measures of EOC. Dissolved organic C in shallow soil water (Davis et al., 2007) , however, did coincide with C limitations and may be a better indicator of C available to denitrifi ers. Denitrifi cation is not dependant solely on the availability of organic C as an electron donor; reduced inorganic Fe, Mn, and S can also supply electrons for NO 3 reduction (Korom, 1992; Tesoriero et al., 2000) . It is also likely that labile organic C in the solid phase provided electrons for microbial respiration (Tesoriero et al., 2000; Puckett et al., 2002) . Factors limiting denitrifi cation were surprisingly similar between the CS and riparian zones. Clement et al. (2002) found that denitrifi cation shifted from being limited by anaerobiosis in the upland position of three riparian zones (forest, shrub and grass) to being more NO 3 − limited farther into the riparian zones. Their fi ndings are similar to what was expected of the present site, especially where CS denitrifi cation was hypothesized to be limited by C or anaerobiosis and the riparian zone by the availability of NO 3 − . Davis et al. (2007) found that in 1997-98, although riparian DOC concentrations were higher than in the cropping system, both areas were above the 2 to 5 mg C L −1 range found to limit denitrifi cation in groundwater microcosms (Groffman et al., 1996) and more in line with groundwater DOC concentrations of Israel et al. (2005) (12-14 mg C L −1 ) where denitrifi cation was thought to have led to low riparian NO 3 groundwater concentrations in one transect of wells. In the present study, differences among the zones seemed less important in infl uencing DEA rates than temporal shifts in soil conditions and associated activities.
Subsoil (135-150 cm)
Many studies have shown that denitrifi cation is limited by C in the subsoil (Lind and Eiland, 1989; Yeomans et al., 1992; Weier et al., 1993) . However, signifi cant denitrifi cation rates in the subsoil have been reported in conjunction with high C deposits (Parkin, 1987; Jacinthe et al., 1998; Dhondt et al., 2004) . Differences between the riparian zones and CS in EOC, NO 3 − and dissolved O 2 did not create differences in the factors limiting denitrifi cation. Findings in the present study were similar to that of Ambus and Lowrance (1991) and Lowrance (1992) where subsoil denitrifi cation rates did not respond to C or NO 3 − additions. Enzyme capacity limited subsoil denitrification in all zones during both years. If NO 3 − loads increased in the subsoil, the potential for the subsoil to consume excess NO 3 − would be limited and dependent on the size of the load and the residence time of the water.
Dissimilatory Nitrate Reduction to Ammonium
Dissimilatory NO 3 − reduction to NH 4 + rates measured in the surface soil (0-15 cm) were signifi cantly higher in the Rip-CS soil (1.30 mg N kg −1 d −1 ) than in the CS (0.20 mg N kg −1 d −1 ) or Rip-Str (0.0 mg N kg −1 d −1 ) soils and were signifi cantly higher than denitrifi cation rates measured on the same 24-h incubations in the Rip-CS and CS zones. Our DNRA rates were in the lower end of the range reported by Silver et al. (2001) in tropical forest surface soils (0.5-9.0 mg N kg −1 d −1 ) and were also lower than those reported for 36-h incubations of Chinese (3.1 mg N kg −1 d −1 ) and Australian (6.0 mg N kg −1 d −1 ) rice paddy soils. Lower soil temperatures than the tropical soils and shorter periods of anoxic conditions compared to the rice paddy soils could have contributed to lower DNRA rates at our site.
In the subsurface soils (130-155 cm), DNRA rates were not signifi cantly different among the Rip-CS (0.05 mg N kg −1 d −1 ), CS (0.00 mg N kg −1 d −1 ), and Rip-Str (0.26 mg N kg −1 d −1 ). However, as with surface soils, DNRA rates were higher than denitrifi cation rates measured in the same 24-h incubations in the Rip-CS and Rip-Str. Dissimilatory nitrate reduced to NH 4 + was originally thought to be promoted in soils with highly reduced conditions and low NO 3 − concentrations (Tiedje et al., 1981) . However, as in our study, Silver et al. (2001) and Bengtsson and Bergwall (2000) found that DNRA dominated over denitrifi cation in the reduction of NO 3 − . DNRA may help to retain N in these diverse systems and in our case potentially decrease fertilizer N requirements. Muller et al. (2004) showed that DNRA rates from intact cores were much higher than DNRA rates from a laboratory study where soils were homogenized and the anaerobic hotspots were destroyed. Therefore, it is possible that rates in the current study may also be underestimated.
Consumption of Groundwater Nitrate
Using an annual average surface soil in situ denitrifi cation rate of 0.07 mg kg −1 d −1 in the Rip-CS and a groundwater velocity of 0.5 cm d −1 calculated with a modeled K s , it was estimated that an average A horizon soil water NO 3 − concentration of 3.8 mg NO 3 − -N L −1 (Davis, 2003) would be consumed in only 0.2 m of riparian soil. Hydraulic conductivities measured at the site (Wigington et al., 2003) yielded higher velocity and a longer distance of 7 m for NO 3 − to be consumed. Both of these estimates show, however, that denitrifi cation alone could have been responsible for the decrease in soil water NO 3 − seen in the A horizon as water moves from the CS into the riparian zone (13 m between closest CS and riparian wells). A general Q 10 value of 2 for biological processes (Sylvia et al., 1999) was applied to laboratory DNRA rates (25°C) to approximate activity at the average in situ soil temperature of 10°C. Using DNRA rates (Q 10 revised) and the modeled and measured values of velocity, we estimated that DNRA could consume average shallow soil water NO 3 − in 0.03 to 1.0 m of riparian soil. Surface soil denitrifi cation, DNRA and plant uptake could have easily accounted for the decrease in soil water NO 3 − concentrations and the strong redox gradient (Davis et al., 2007) seen as water moved from the CS into the riparian zone. In the C horizon, lower soil bulk density compared with the A horizon, yielded a higher modeled groundwater velocity of 0.7 cm d −1 . Median DEA rates (not different than unamended samples; Q 10 revised) were used to estimate that a riparian width of 116 m would be required to consume average NO 3 − concentrations of 5.8 mg NO 3 − -N L −1 . Based on this calculation, water would only move 1.5 m into the riparian soil over the course of one water year. Increasing the fl ow rate by one order of magnitude (J.S. Selker, personal communication, 2002) would move water farther into the riparian soil (15 m) but subsoil DEA rates still could not account for the decrease in NO 3 − . This fi nding is similar to Groffman et al. (1996) who found that subsoil riparian denitrifi cation rates could not account for the consumption of all incoming NO 3 − .
Dissimilatory NO 3 − reduction to NH 4 + could potentially consume deep soil water NO 3 − in 0.6 m to 1.7 m (Q 10 revised) of riparian soil. Together, denitrifi cation and DNRA had the potential to account for total consumption of average NO 3 − concentrations in as little as 0.54 m of riparian C horizon soil. Unlike the A horizon soil, subsoil NH 4 + concentrations did not signifi cantly increase either over time or in the riparian zone. Clement et al. (2003) assumed that since NH 4 + did not accumulate in soils that DNRA was not occurring. However, NH 4 + produced through DNRA could potentially have been immobilized or become abiotically fi xed to organic matter.
The slow movement of groundwater in these poorly drained soils is congruous with the fi ndings of Wigington et al. (2003) who showed that the majority of stream water at this site traveled as surface fl ow. The potential contribution of the subsurface pathway to stream water NO 3 − is therefore minimized not only by biological activity but by limited groundwater velocity. 
CONCLUSIONS
Marked differences in groundwater NO 3 − and dissolved O 2 concentrations (Davis et al., 2007) , soil C, and microbial biomass among the cropping system and riparian soils did not translate into strong differences in the denitrifi cation activity of these zones. Denitrifi cation is known to have high temporal and spatial variability (Folorunso and Rolston, 1984; Casey et al., 2001; Dhondt et al., 2004; Bruland et al., 2006) . The amount and timing of precipitation events may have strongly contributed to temporal shifts in denitrifi cation and the soil factors controlling the process and overridden the infl uences of management. Transition of the cropping system from fourthyear perennial ryegrass to no-till clover did not signifi cantly change surface soil in situ denitrifi cation or DEA rates in the CS. However, the Rip-CS had higher annual in situ denitrifi cation rates in 1998-99 than the other zones, which likely resulted from a peak in MinC concentrations and a greater incoming NO 3 − load from the CS (Davis et al., 2007) .
Although differences among zones were not signifi cant, the ecosystem lost from 20 to 60 kg N yr −1 through denitrifi cation. The addition of NO 3 − to soil from 0 to 45 cm increased denitrifi cation rates 2 to 34 times and indicated that soils from any zone had the potential to denitrify additional NO 3 − . Dissimilatory NO 3 − reduction to NH 4 + was shown to be able to compete for NO 3 − in the surface soil of the Rip-CS and together, with plant uptake and denitrifi cation, could easily account for the biological consumption of NO 3 − in incoming shallow soil water. Although subsoil (135-150 cm) DEA rates were low and did not respond to C and N additions, the potentially slow movement of water in the subsoil out would have allowed denitrifi cation and DNRA, together, to completely consume subsoil groundwater NO 3 − . Since most of the stream water originated from overland fl ow during high precipitation events (Wigington et al., 2003) , further investigation is needed to evaluate N removal processes in surface runoff during events where infi ltration is limited by saturated soil conditions (Lowrance and Sheridan, 2005) .
